Ti and Ni clusters have been formed, and codeposited on substrates using a new plasma-gas-condensation cluster deposition system, in which two DC glow-discharge-sources are installed in completely separated two sputtering chambers. Transmission electron microscope (TEM) observations of these codeposited specimens indicate that Ti and Ni clusters are randomly mixed with each other. Hcp Ti and fcc Ni diffraction rings are detected in selected area electron diffraction patterns, and no clear alloying can be detected at around the interface between Ti and Ni clusters in the high resolution TEM image. These results demonstrate that Ti and Ni cluster nanocomposites are obtained from this method.
Introduction
Cluster assembling is one of mesoscopic approaches to fabricate nanoscale structure-controlled materials from clusters whose sizes correspond to a elemental unit of material functions. [1] [2] [3] The optimization of size, concentration and stability of clusters as well as their suitable accumulation and multiple functionalization are requisite to compete with top-down approaches such as precipitation of nano-size particles from supersaturated solid solutions and bottom-up approaches such as thin film deposition from vaporized atoms. 4) Using a plasma gas condensation cluster deposition (PGCCD) system with a single glow discharge source, 5, 6) we prepared uniform size transition metal clusters whose mean diameters ranged between 6 and 16 nm with the standard deviation less than 10%.
2) Such size monodispersivity has been ascribed to confinement at the cluster nucleation stage and separation of nucleation and growth stages by adjusting the inert gas flow rate and the growth room volume as well as by aerodynamic size-selection via small nozzles. 3) With increasing the deposition time of clusters, geometrical and electrical networks were observed, being interpreted as percolation phenomena.
7) The first PGCCD system was a hollow cathode type, having two facing targets. Setting two different metal plates on these two target holders and supplying electric powers independently to these targets, we could prepare alloy clusters with controlling their chemical composition and maintaining the monodispersvity in cluster sizes. [8] [9] [10] [11] In basic and applied metallurgies, since mixing and/or alloying of two different elements have ensured the prosperity of materials and given a lot of high functional alloy materials, mixing different kinds of clusters to obtain cluster composites is an interesting challenge. At the beginning, we developed a PGCCD system which had two glow discharge sources: one glow discharge was a dc mode and the other an rf or dc discharge mode. In the second PGCCD system, a simple plate divided two glow discharges and two kinds of vapor atoms could be sputtered out of the targets. [12] [13] [14] [15] [16] [17] However, since the separation plate was not air-tight, we could not independently change inert gas pressure of these two chambers and thus could not control sizes of two kinds of clusters. When a separation plate was inserted between two glow-discharge chambers, mixtures of two kinds clusters were obtained for Co/Si, 12, 13) Fe/Si 14) and Fe/Al: 15) small Co and Fe clusters were distributed at random, while the Si and Al clusters were aggregated to form large secondary particles, and partially alloyed Fe-Ni clusters were obtained. 16) Without inserting the separation plate, on the other hand, core-shell clusters, in which Co and Fe core were surrounded by small Si and Al crystallites, were obtained for Co/Si, Fe/Si and Fe/Al, [12] [13] [14] [15] while well alloyed clusters for Fe/Ni. 16) Since the second PGCCD system was also a hollow cathode type, two different metal plates were set on these two target holders and electric powers were independently supplied to these targets within the single glow discharge operation. Well alloyed clusters were obtained for Fe/Ni and Co/Pd depending on their mixing ratios. 2, 16) On the contrary, the chemical compositions of clusters were widely distributed, revealing double peaks in the Ag rich and Co rich sides.
17)
The experimental results obtained using the second PGCCD system suggest that composite states of two kinds of clusters are influenced by the surface energy, degree of oxidation and chemical affinities (equilibrium phase diagrams) of respective cluster elements 18, 19) as well as their formation processes. Therefore, we have developed a new PGCCD system in which dual DC glow discharge sources were installed in the completely separated sputtering chambers whose inert gas flow rates and pressures can be controlled independently. In this study, we chose Ti/Ni whose equilibrium phase diagram has intermetallic compounds, Ni 2 Ni, TiNi and TiNi 3 , 19) resembling to Fe/Si and Co/Si. We co-deposited Ti and Ni clusters using the third PGCCD system and carried out their transmission electron microscope (TEM) observation to investigate their mixing characteristics.
Experimental Procedures
Figure 1(a) shows a double source PGCCD system which has two separated DC glow-discharge-sources. Sputtering chambers 1 and 2 were first evacuated down to 10 À5 Pa by composite molecular pumps, CMPs. For glow discharge sputtering CMPs were shut down and a large amount of Ar gas (99.9999 vol%) was independently introduced through gas-inlets with variable leak valves. As growth rooms were evacuated by a mechanical booster pump (800 m 3 /h), the Ar gas, sputtered atoms and formed clusters were ejected through the small nozzle. When the Ar gas flow rates was 6:7 Â 10 À6 m 3 /s in the sputtering chamber, the Ar gas pressure became 250 Pa in the sputtering chamber and that of the deposition chamber 0.3 Pa. Ti and Ni disc plates of 80 mm in diameters and 5 mm in thicknesses were used for sputtering targets. The input electric power of both Ti and Ni targets were 500 W. The deposition rates of Ti and Ni clusters were detected by a quartz oscillation type thickness monitor that was used as a sensitive microbalance. In this study we first prepared only Ti and Ni clusters operating the respective glow discharge sources. The central positions of Ti and Ni cluster beams were not so well coincided that the mixing ratios of Ti and Ni clusters varied over positions of a substrate.
The morphology, size and structure of clusters thus obtained were observed using a transmission electron microscope (TEM) of Hitachi Co., HF-2000 operating at 200 kV. TEM images were observed for the specimens on TEM grids at the initial deposition stage and selected area electron diffraction patterns for those at the late deposition stage. An energy dispersive X-ray (EDX) analyzer installed in TEM was used to determine the average chemical compositions and the individual ones of 30 clusters for codeposited specimens of Ti and Ni clusters. The cluster size distributions were determined from digitized TEM images recorded by a slow-scan charge-coupled device camera for the area of 350 Â 350 nm 2 using the imageanalysis software (Image-Pro PLUS: Media Cybernetics). X-ray diffraction patterns were observed in the standard Bragg-Brentano geometry of Mac Science, M18XCE using Cu-K radiations.
Results
Operating one of these two glow discharge sources we have deposited Ti and Ni clusters respectively on TEM grids under several Ar gas flow rates. The bright field TEM images of slightly deposited specimens indicated that the average sizes of Ti and Ni clusters ranged between 8 and 15 nm with the standard deviation of about 25%. The electron diffraction patterns of their heavily deposited specimens indicated that an hcp phase is formed in Ti clusters and an fcc one in Ni clusters. With the same preparation conditions, sizes of Ti clusters were larger than those of Ni clusters. Figure 2 (a) shows a TEM image of Ti and Ni clusters slightly codeposited on a TEM microgrid, where the mixing ratio of Ti/Ni was determined to be 40/60 by the EDX analysis. Shapes of individual clusters are not well spherical and some of them agglomerate with each other. Figure 2(b) shows the size distribution histogram of codeposited Ti and Ni clusters estimated from Fig. 2(a) . It indicates a wide cluster size distribution and a long tail. Figure 3 shows the composition distribution histogram of about 30 pieces of codeposited Ti and Ni clusters whose average-mixing ratio, Ti/Ni = 40/60 (the same specimen for Fig. 2(a) ). Taking into account of the overlapping and agglomeration of Ti and Ni clusters, it demonstrates formation of Ti and Ni-rich clusters, and no marked alloying behavior in this specimen. Moreover, it is worth to mention that large clusters are Ti rich while small one Ni rich, being consistent with the size distributions obtained in single source experiments. Figure 4 shows a selected area electron diffraction pattern of a heavily codeposited Ti and Ni clusters whose mixing ratio, Ti/Ni = 46/54. Hcp diffraction rings corresponding to Ti clusters and fcc ones to Ni clusters are detected. As shown in Fig. 5 , an X ray diffraction pattern of the specimen whose mixing ratio Ti/Ni = 9/91 also supports the presence of hcp Ti and fcc Ni phases. The formation of an hcp Ti phase is consistent with the previous results: 20) they have an hcp structure for the sizes larger than 15 nm, while an fcc structure for the sizes smaller than 15 nm.
Figures 6(a) and (b) show a plan-view and cross-sectionview of SEM images for heavily codeposited Ti and Ni clusters with the mixing ratio, Ti/Ni = 55/45. They clearly indicate that Ti and Ni clusters are agglomerated but not aggregated, forming a very porous stacking. This is a typical morphology observed in cluster assemblies, giving rise to their sooty appearance. Figure 7 shows a high resolution TEM image of Ti and Ni clusters slightly codeposited on a TEM microgrid, indicating clear lattice fringes. As shown in Figs. 7(b) and (c), the lattice fringes of 0.223 and 0.179 nm correspond to f100g hcp of Ti and f200g fcc of Ni are well detected in the inner parts of particles, while no clear lattice fringe at the interface area between these Ti and Ni clusters.
Discussion
As described in the previous section, TEM images, electron diffraction patterns and X-ray diffraction pattern Ti (100) Ti (002) Ti (101) Ti (102) Ti (110) Ni ( totally demonstrate that codeposition of Ti and Ni clusters on substrates give only their random mixture: neither atomic diffusion nor alloying behavior can be detected at around the interface between Ti and Ni clusters. In a plasma gas condensation system, atoms sputtered out from targets collide each other under high inert gas atmosphere. 2, 5, 6) If cohesive energies of two atom pairs and their nuclei are released by inert gas atoms they further grow into clusters. 21, 22) In the two cluster source experiments using the second PGCCD system, we controlled the collision place and thus the collision time of two kinds of nuclei and clusters: 22) they collide each other in a free space before impinging on substrates or on substrate depending on the insertion of a separation plate in the sputtering chambers and growth room. Then, we could obtain mixtures of two kinds of clusters with inserting the separation plate in the sputtering chamber and growth room, while core-shell clusters without inserting the separation plate. Random mixtures of Ti and Ni clusters obtained in the present study are consistent with the results in the previous one with inserting a separation plate.
It has been reported that nano-scale island-like clusters on substrates are instantaneously mixed with post-impinging atoms at ambient temperature to form homogeneous alloys. 23, 24) Such instantaneous alloying behaviors have been confirmed as long as the diameters of island-like clusters are less than the critical value of about 10 nm and enhanced for elemental combinations having negative mixing enthalpies with the large absolute values. In the equilibrium phase diagram of Ti-Ni alloys, though there are several intermetallic compounds, 19) Ti 2 Ni, TiNi and TiNi 3 with negative formation enthalpies, 18) Ti and Ni clusters whose sizes are about 10 nm do not aggregate to form alloys. It is attributed to thermalization of both Ti and Ni clusters via many collisions of vaporized atom, nuclei and clusters with Ar atoms.
In the present dual source PGCCD system, moreover, the Ar gas atom velocity becomes about a sound velocity when it pass through the nozzle between the growth room (its Ar gas pressure is about 200 Pa) and the deposition chamber (its Ar gas pressure is about 0.1 Pa). 25) Assuming that the velocities of 10 nm size Ti and Ni clusters are the same order of magnitude as that of Ar gas flow, the kinetic energy of these clusters impinging onto the substrate surface is estimated to be about a few hundred eV. Then, these clusters can migrate on the substrate. 26) However, since the clusters whose sizes are about 10 nm contain several ten thousands of atoms, the kinetic energy per atom becomes an order of 10 À3 -10 À2 eV, being much smaller than the cohesive energy of Ti, Ni, Ti-Ni and compounds. When they collide with each other and struck on a substrate, Ti and Ni clusters are not fragmened and aggregated at interfaces: Ti and Ni clusters randomly coexist on the substrate.
Summary
Using a new plasma gas condensation cluster deposition system in which dual glow discharge sources are installed in the completely separated sputtering chambers, we have obtained random mixtures of Ti and Ni clusters by their codeposition. The immiscibility between these two kinds of clusters is ascribed to the weak collision of well thermalized Ti and Ni clusters formed in high Ar gas atmosphere and to the low incident energy of these clusters impinging onto the substrate.
